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ABSTRACT 

We use QCD sum rules to analyze the semileptonic transition B — > 
niu in the limit — > oo. We derive the dependence of the form 
factor Fi(0) on the heavy quark mass, which is compatible with the 
expected dependence for the simple pole model of F\(q 2 ). 
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Heavy quark and chiral symmetries constrain the semileptonic decay B — > 
Triu in the kinematical point where the pion is at rest in the rest frame of the 
decaying B meson (zero-recoil point). As a matter of fact, the form factors which 
parametrize the hadronic matrix element governing B — > niv: 

W)\ V, \B(p)) = F^q 2 ) (p + p\ + m| ~ m ' g M [F (q 2 ) - F^q 2 )} (1) 

(q = p — p') can be written, near the zero- recoil point g^ ax = (mg- rn^) 2 , as 
follows B a 1, i 1, 1, 0: 

= t~ 1 't 2 ( 2 ) 



and 



-Fo(<?LiJ - ~f- ■ ( 3 ) 

In eq. (0) the dominance of the pole of the B* meson, which is degenerate with 
the B meson in the limit m& — ► oo, has been exploited; /#» and are £?* and 
5 meson leptonic constants, respectively; Qb*b-k is the strong B*Btt coupling 
constant. 

The phenomenological importance of eqs. is immediate in the light of 

the measurement of V u b- since, neglecting the charged lepton mass, 

dT^B > Tfiv) G\ |T/ |2| p , 2 2 2 3 



dg 2 24vr 3 
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where p f n (q 2 ) is the pion three-momentum in the B rest frame at fixed g 2 , one 
could compare the differential rates of B — > 7r£z/ and — > 7r£z/ at the same (small) 
value of p the ratio between the rates 



dT{B -> ir£v)/dq 2 



dT{D -> 7c£v)/dq 2 
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is given in terms of /b*//d* an d Qb* Bn / 9d* Dn which can be measured and/or 
estimated by several methods [], so that a measurement of the left-hand side of 
eq. ([]) can provide a value of \V u b\ with a procedure where the model dependence 
is drastically reduced. 

This program, proposed in ref.||, finds a relevant difficulty in the severe 
phase space suppression reason it could be useful to 

investigate the dependence (if any) of the form factor Fi(q 2 ) on the mass of the 

3 For a review see || . 

4 We shall not discuss here the role of the breaking terms either of the chiral symmetry or 
of the heavy quark flavor symmetry. 
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heavy meson at fixed q 2 , also far from q^^, i.e. in kinematical configurations 
where not only rnj,, but also the momentum of the emitted pion represent heavy 
scale parameters. The aim is to attempt an extrapolation from D — > 7r (when 
accurate experimental data will be available) to B — ► ir. 

As we shall show below, such dependence can be predicted by relativistic 
QCD sum rules at q 2 = 0. 

The form factor i*\ in ([!]) has been studied by three-point function QCD sum 
rules, for a finite value of the 6-quark mass, by a number of authors, adopting an 

(K, Tt)iv 
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analysis that can be applied also to the transitions D — > (K, tt)£i> |10|, |1JJ, |1 
[]. By studying the three-point correlator of a pseudoscalar current having the 
same quantum numbers of the B meson, of an axial current interpolating the 
pion, and of the flavor-changing current in (III), the following Borel improved 
sum rule can be derived: 



m b 



0) exp 



m 



(2vr 
< qq > 



exp 



M 2 



M 2 



— - [ ds ds'p(s, s') exp < 
n) 2 Jd ' { 




(6) 



where the integration region D is mf < s < s , < s' < min(s' , s — ml) (s , s' Q 
are effective thresholds separating the resonance region from the continuum); the 
perturbative spectral function p, at the lowest order in a s , is given by: 



p(s,s') 



3m h 



2(s - s 



A3 



2A(m - s') + s'(u - 4s) 



2rrib 



-(A 2 (m 2 -3ms' + 2ss') 



+ 2As'(m 2 -3ms + 2ss') + 3ss ,2 (2s 



u 



(7) 



(A = s — m 2 , m = s + s'); M, M' are the Borel parameters associated to B and to 
the pion channel, respectively; < qq > is the condensate of dimension 3, whereas 
m\ is connected to the condensate of dimension 5: m 2 , =< qgoGq > / < qq >. 
The mass of the light quarks has been neglected. 

The limit m& — ► oo can be performed by changing the variables associated to 
the heavy quark channel in terms of low-energy variables. Using: s = m\ + 2rri} ) LJ, 
s = m 2 + 2m b u , M 2 = m b T and m B = mj + A/2, i.e. using the same procedure 



adopted in |L5| in the analysis of the semileptonic transition (qQ) — > (qQ') lv, 
e Q-(H) can b e written as follows: 



5 For a review see (111 
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fAV^fs) (l + —) (VwFi(0)) exp 
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From this equation the behavior of i*i(0) versus nif, can be derived. In fact, A, 
which is related to the binding energy of the heavy-light quark system, remains 
finite in the infinite heavy quark mass limit; therefore, since the scaling law for 
/b, for rrib — > oo, is 1/y/mb modulo logs, one obtains that also Fi(0) scales as 
1 / y / m&: this is a consequence of the fact that the perturbative term is subleading 
in the heavy quark limit, the sum rule being determined by the non perturbative 
D = 3 and D = 5 contributions. A similar result has been found for the form 
factors V and A\ governing B — > piv and for the form factor of the rare B — > K*^ 
decay [16|]. It is worth observing that the scaling law for Fi at q 2 = is 



compatible with the correct dependence of F\ on m b at q max in eq 



p , 2 v = f B * m B * g B * Bw ^ ^W b 
m max ) 2U(5 B + m w ) 5 B + m w {) 

(with 5 B = m B * —m B = 0{l/m b )) and with a simple pole evolution from to 
q 2 = 0. We shall discuss this point at the end of the paper; here we want to show 
that the variables adopted above are true low energy variables for the system we 
are considering. 

In order to do that, let us analyze the form factors of B — > -niv in the heavy 
quark effective theory (HQET) |DJ . As discussed in ref . , the matrix element in 
([!]) can be written, in the framework of HQET, in terms of the B meson velocity: 
v = p/m B , and of the energy of the emitted pion in the B rest frame: 

v .jf = ™B + K-f , (10) 

2m B 

Accordingly, eq.(|I]) can be rewritten as follows: 

Mm . 2fl( „, >t + 2/i( ,,.)A, 

y/rn^ p [v ■ p') 

where the functions fx and f'2 are universal, in the sense that they become in- 
dependent of the heavy quark mass rrib in the limit rrtb —>■ 00, for values of v ■ p' 
which do not scale as mb- It is immediate to derive the relations between the 
form factors in ([]]) and ([TTJ) : 

Fl((fl = ^{li^l +4^1 (12) 
{ m B iv-p') I 
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QCD sum rules can be employed in the evaluation of f\ and fi\ the approach 
is similar to that used in the determination of the Isgur-Wise function fl5| , with 
the difference that, in this case, the effective theory is only applied to 5-meson 
channel. The starting point is the correlator 

T^(k,p',vp>) = i 2 f dx dy e^'-M < 0\T{j u (x)%(0)jt(y)}\0 > ; (14) 



the axial current j u (x) interpolates the pion; the other currents are J^(y) = 
q(y)i'j5h v (y) and V^(0) = q{Q)^^h v (0), where h v is the velocity dependent b— quark 
field in the effective theory, whose residual "off-shell" momentum is k. The ma- 
trix element of J5 between the vacuum state and the B-meson state defines the 
scale-dependent universal leptonic constant F(/j,): 



< 0\J 5 \B(v) >= F(fi) 



(15) 



where /i is the renormalization scale, and the connection of F to the B— meson 
leptonic constant /# is given by 



/bv^b = C x (n)F(ji) + 0(l/m b ) , 



(16) 



Ci(fi) being a Wilson coefficient. 

By applying to the correlator ([14]) the usual techniques of the QCD sum rules 
method, the following Borel improved rules for fi(v ■ p') and f'2{v ■ p') can be 
worked out: 

,2 ~i 
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2UF h(v-p') exp{-- 
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(17) 
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with the spectral functions p\ and p 2 given by: 

p^u^^v-p') = -- -^j{lOu(v ■p'f + 2uos -4(v ■ p') 3 - 8(v ■ p')s' -3u 2 (v ■ p')\ 

(19) 

and 

p 2 (u,s',vp') = -- ^r{8s'(v -p'f + As' 2 -^ ■ p'f 

- 8u{v -p')s' + 2u 2 {vp') 2 + u 2 s'} ; (20) 

co>o is the effective threshold in the heavy quark channel and the upper integration 
limit in s' in (0,[T3) is s' = min(s' Q , [(v ■ p') — uj] 2 ). The factor A is given by 
A = {v ■ p') 2 — s'. It should be noticed the appearance of a branch point in the 
perturbative spectral functions p\ and p 2 , due to the factor A~2 ; for small values 
ofv-p', implying that the rules cannot describe a process with small pion energy. 
This is not unexpected, since the euclidean region in the t— channel, where the 
QCD perturbative calculation of the spectral functions can be performed, extends 
towards large values — q 2 , i.e. large values oiv-p': we shall extrapolate the analysis 
of the sum rules to values of v ■ p' of the order of 1 GeV, being aware that the 
accuracy of the prediction becomes poor in this range of pion energy. 

The last point to be mentioned, before presenting the numerical analysis of 
eqs. (|17| , [18|), is that also f\ and / 2 , obtained using the effective field h v (x), depend 
on the subtraction point p; however, in the following we neglect this dependence 
since we choose to work at the lowest order in a s . 

In fig.l we present the form factors f\ and f 2 obtained from eqs.(|T7|, [T8] ) using 
Sq = 0.8 GeV 2 , and the set of low energy parameters fixed in ref. jn| by the 
analysis of the leptonic constant F in ([15]): co>o = 2.1 GeV, A = 1 GeV and 
F = 0.47 GeV 3 / 2 , or u = 2.5 GeV, A = 1.25 GeV and F = 0.58 GeV 3 ' 2 . We fix 
the values of the Borel parameters: T = 3 GeV and M' 2 = 3 GeV 2 after having 
checked the existence of a duality region around these values for any v ■ p' . 

The rapid change in the behaviour of f 2 (v ■ p') for v ■ p' < 1.3 GeV can be 
ascribed to the presence of the anomalous threshold discussed above. 

Using eqs. ( pT2] , p~3D it is possible to reconstruct Fi(q 2 ) and F (q 2 ) for intermedi- 



ate values of q ; the result is depicted in fig. 2, where the form factors are displayed 
up to q 2 = 0. The obtained Fx is compatible with the outcome of the finite mass 
calculation ||12|| : it rapidly increases, and can be fitted with the simple pole form: 



F^q 2 ) = Fi(0)/(1 - q 2 /m 2 pole ), with Fi(0) = 0.24 and m pole = 5.51 GeV. On the 
other hand, Fq is nearly constant in q 2 . 

It is interesting to notice that the combination of fi and f 2 which reconstructs 
Fi reproduces eq.(|[), i.e. gives a leading non perturbative term and a subleading 
perturbative contribution. A warning is in order, however. The functions fi(v-p') 
and f 2 (v ■ p') obtained by ([17], [18]) are the leading terms of an expansion in l/m^ 
[El; in this expansion, the pion energy v -p' should be kept fixed, i.e. cannot scale 
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as rrib (as it happens at q 2 = 0) since in this case the neglected contributions are 
formally of the the same order of the terms we are considering. On the other hand, 
the procedure we have followed reproduces eq.(S) and is in numerical agreement 



with the outcome of the calculation made at finite mj [12|: this suggests that the 



additional contributions in the l/m& expansion that reconstruct the form factors 
should be small also at q 2 = 0. 

Let us come back to the analytic dependence of i*\(0) on TO&. As mentioned 
above, the scaling law 1 / yfmb obtained from eq. (|8[) is in agreement with a polar 
dependence in the range from g^ aa . to q 2 = 0, with the pole given by the B* 
resonance. This prediction suggests that possible non polar components of the 
form factor near g^ aa; , discussed in J?], are extended in a limited range of q 2 
or they scale as 1/y/mb or faster when m& — > oo. 

Other models predict the dependence of Fi(0) on m&. In the BSW constituent 
quark model [I9|| the form factors at q 2 = are obtained by computing an overlap 
of mesonic wave functions which are solutions of a relativistic scalar harmonic 
oscillator potential; the evolution in q 2 is assumed to be a simple pole. A direct 
inspection of the mj dependence of -Fi(O) in this model gives -Fi(O) ~ m b 3 ^ 2 , 
a behavior incompatible, as already observed in [18], with the scaling law of 
Fiilmax) predicted in (|I|,|) and with the assumption of a simple pole dependence 
of the form factor. The same inconsistency is present in similar models . 



The dependence of -Fi(O) on m?, can also be predicted by light-cone QCD 
sum rules plj , p2]] . This method relies on the possibility of computing the two- 
point correlator of a quark current interpolating the 5-meson and of the flavour- 
changing current in ([[]) calculated between the vacuum state and the light meson 
state (it). Also in this case the predicted dependence for -F\(0) is m^ 3 ^ 2 and 
therefore the scaling law is incompatible with the correct behaviour at q^ax and 
with the claim [22] that the observed q 2 dependence of the form factor is polar. 
The origin of such inconsistency is currently under investigation. 

Let us conclude with a comment on the results of the present study. The 
measurement of V u b, which is of prime importance in the phenomenology of the 
Standard Model, cannot be performed by the simple observation of the decay 
B — > 7i£u without referring to models for the evaluation of the hadronic matrix 
element. Here we have obtained indications that F\ is polar in q 2 , and that 
the scaling law i*i(0) ~ l/^/nib should be fulfilled, at least asymptotically in 
the heavy quark mass. This information allows to use the full sample of pions 
from semileptonic B decays; V u b could be determined by comparing eq.([|) with 
the analogous expression for D — > nlv and using the experimental result of this 
last decay. The only drawback, as usual in these considerations, is represented 
by the size of 1/tuq corrections, an argument which deserves an independent 
investigation. 
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Figure Captions 



Fig 1: The form factors fi(v ■ p') and f 2 (v ■ p'). 
Fig 2: The form factors Fi(q 2 ) and F (q 2 ). 
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